Abstract. Persicariae Rhizoma (PR) is the dried stem parts of Persicaria tinctoria H. Gross (Polygonaceae), and has been traditionally used as anti-inflammatory and detoxifying agent. In the present study, the effects of PR aqueous extracts on ligation-induced experimental periodontitis (EPD) and associated alveolar bone loss in rats were examined. Following the induction of EPD in rats, PR extracts were orally administered once a day for 10 days, and the changes and gains in body weight, alveolar bone loss and total aerobic bacterial counts of buccal gingiva were observed with histopathological analysis. In addition, anti-inflammatory effects were evaluated by monitoring myeloperoxidase (MPO) activities, and interleukin (IL)-1β and tumor necrosis factor (TNF)-α contents, and anti-oxidant effects were investigated by measuring inducible nitric oxide synthase (iNOS) activities and malondialdehyde (MDA) levels. Bacterial proliferation, periodontitis and associated alveolar bone loss induced by ligature placement were significantly and dose-dependently inhibited by the treatment with PR extracts. The inhibitory effects of 200 mg/kg PR were similar to those of 5 mg/kg indomethacin on ligation-induced periodontitis and associated alveolar bone losses in this study.
Introduction
Periodontitis is a chronic inflammatory disease in which destruction of the tooth-supporting connective tissue and cementum, leukocyte infiltration, bone resorption and the formation of periodontal pockets occur (1) . The pathogenesis of periodontitis involves the presence of bacterial plaque, which initiates a local inflammatory reaction (2) . The inflammatory response can comprise edema, the infiltration of leukocytes and the release of inflammatory mediators, with subsequent periodontal pocket formation, detachment of connective tissue and alveolar bone resorption, ultimately leading to tooth loss (3, 4) . Periodontitis is most frequently caused by bacteria, with the toxins, enzymes and metabolites associated with the bacteria in dental plaque playing an important role in the initiation of the inflammatory process (5) . Recently, the involvement of nitric oxide activities and oxidative stresses in the pathogenesis of periodontitis has been revealed (6) , and numerous antioxidants have shown favorable effects on periodontitis and associated alveolar bone loss (7) (8) (9) .
Natural products are of increasing interest to pharmaceutical industry and potential sources of new bioactive molecules (10) . Herbs, medicinal plants and their extracts contain antioxidants that may be useful in the treatment of various diseases (11) . Persicariae Rhizoma (PR) is dried stem parts of Persicaria tinctoria H. Gross (Polygonaceae), and has been traditionally used as anti-inflammatory and detoxifying agent in Korea (12) . PR contains two biologically active anti-inflammatory and antioxidative dyes, namely purple indirubin and blue indigo (13) . Indirubin, a 3,2'-bisindole isomer of indigo, was initially identified as the active ingredient of a traditional Chinese medicine preparation, Danggui Longhui Wan, which is used to treat various chronic diseases (14) . Indirubin derivatives exhibit strong anti-inflammatory and
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anti-leukemic activities (15) . It has previously been shown that indirubin is a potent inhibitor of wide range of kinases, but, in particular, it strongly suppresses the activation of cyclin-dependent kinases (16) . Herbal extracts containing indigo or its derivatives also have been shown to have potent antibacterial (17) , antitumor (18) , anti-inflammatory (19) and antioxidant (20) activities. Accordingly, PR is a promising candidate for the treatment of periodontal diseases. However, there have been no studies examining the effects of PR on experimental periodontitis (EPD) or related alveolar bone loss. Thus, the present comparative study of PR aqueous extracts and indomethacin on ligature-induced EPD and alveolar bone loss in rats was conducted.
Materials and methods
Animals. In total, 48 healthy male Sprague-Dawley (Slc:SD) rats (Japan SLC, Inc., Shizuoka, Japan), aged 6 weeks and weighing 170-190 g, were used after acclimatization for 10 days. The rats were housed four per polycarbonate cage in a room with controlled temperature (20-25˚C) and humidity (50-55%). The light:dark cycle was 12 h:12 h, and standard rodent chow (Samyang Feed Co., Seoul, South Korea) and water were supplied ad libitum. All animals were treated according to international regulations for the usage and welfare of laboratory animals, and approved was obtained from the Institutional Animal Care and Use Committee of Daegu Haany University (Gyeongsan, South Korea) prior to animal experimentation. The rats were subdivided into six groups, comprising two control groups (intact and EPD control) and four treatment groups (indomethacin 5 mg/kg, and PR extracts 50, 100 and 200 mg/kg).
Preparations and administration of test materials.
Aqueous PR extracts (yield, 12.00%) were prepared by routine methods using a rotary vacuum evaporator (Eyela; Tokyo Rikakikai Co., Ltd., Tokyo, Japan) and programmable freeze dryer (Operon Co., Ltd., Kimpo, South Korea) from dried stem parts of Persicaria tinctoria H. Gross (Omniherb, Yeongcheon, South Korea). The voucher specimens documenting this purchase were deposited in the herbarium of the Medical Research Center for Globalization of Herbal Formulation, Daegu Haany University. Aqueous PR was boiled at 80˚C for 3 h and then, evaporated and lyophilized. Indomethacin (Sigma-Aldrich, St. Louis, MO, USA) was used as a reference.
One day after ligation placement, 50, 100 or 200 mg/kg PR extracts or 5 mg/kg indomethacin was orally administered, in a volume of 5 ml/kg dissolved in distilled water (DW), once a day for 10 days, respectively. In the intact and EPD controls, same volume of DW was orally administered.
Measurement of indigo and indirubin contents in PR
extracts. Standard stock solutions of indigo and indirubin (Sigma-Aldrich) were prepared by dissolving at a concentration of 1 µg/ml in 1 ml dimethyl sulfoxide (DMSO; Sigma-Aldrich). For preparation of samples, the appropriate amounts of PR extracts were weighed, and dissolved in 1:1 DMSO and acetonitrile mixtures. Prior to analysis by high-performance liquid chromatography (HPLC), the samples were filtered. A Waters Alliance HPLC system (Waters Corporation, Milford, MA, USA), equipped with a Waters 2489 UV/Visible detector was used for analysis. The Empower Data System was used for recording the output signal of the detector. A Waters YMC-Pack Pro C-18 column (1.7 µm, 2.1x100 mm) was used for separation. The mobile phase comprised 0.1% formic acid water and 0.1% formic acid acetonitrile (Sigma-Aldrich) with the gradient elution system at a flow rate of 1.0 ml/min. The injection volume was 10 µl. The detection UV wavelength was set at 540 nm, and the column temperature was room temperature.
Induction of EPD. EPD was induced by placing a sterilized nylon (3-0) thread ligature around the cervix of the upper left incisor teeth of the rats, under anesthetization with a 25-mg/kg intraperitoneal injection of Zoletile 50 (Virbac Laboratories, Paris, France) (8) . The ligature was knotted on the buccal side of the tooth, resulting in a subgingival position palatinally and a supragingival position buccally. In intact vehicle control rats, the cervix of the upper left incisor tooth was identified only, instead of ligation placement.
Measurements of body weights. Changes of body weight were measured, once a day from 1 day prior to ligature placement and throughout the experimental period. To reduce individual differences, the body weight gains after 10 days of administrations were also calculated by subtracting the body weight at the start of administration from the body weights at sacrifice.
Measurements of alveolar bone loss. The rats were sacrificed via an overdose of zoletile anesthesia (50 mg/kg) 10-days after the first administration, and maxillary bone containing the ligature placement site were excised. The horizontal alveolar bone loss, the distance between the cusp tip and the alveolar bone, was measured using a modification of the methods of Crawford et al (21) as described by Samejima et al (3) . Measurements were made along the axis of root of the upper left incisor teeth, in units of mm/rat (2).
Microbiological analysis. The buccal gingival tissues surrounding the upper left incisor teeth were removed, and placed in 0.3 ml brain heart infusion broth (BD Biosciences, Cockeysville, MD, USA). Immediately afterwards, the collected fragment was homogenized, plated in dilutions of 1:100 and 1:1,000 into blood agar (brain heart infusion agar supplemented with 5% defibrinated sheep blood and henin/menadione 10 µg/ml; BD Biosciences), and incubated at 37˚C, 48 h under 5% CO 2 aerobic conditions. After incubation, formed colony numbers were counted in units of x10 5 CFU/g tissue.
Measurement of myeloperoxidase (MPO) activity.
The buccal gingival tissues surrounding the left incisor teeth were removed. The material was suspended in 0.5% hexadecyltrimethyl-ammonium bromide (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in 50 mM potassium phosphate buffer, pH 6.0, to solubilize MPO. After homogenization in an ice bath for 15 sec, the samples were freeze-thawed twice. Additional buffer was added to the test tube to reach 400 µl buffer per 15 mg tissue for 12 min. Following centrifugation at 1,000 x g for 12 min, 0.1 ml supernatant was added to 2 ml phosphate buffer, containing 0.167 mg/ml o-dianisidine dihydrochloride (Sigma-Aldrich), DW and 0.0005% hydrogen peroxide to give a final volume of 2.1 ml per tube. The absorbance of the supernatant was measured using a spectrophotometer (Mecasys Co., Ltd., Daejeon, South Korea) at 460 nm.
Detection of interleukin (IL)-1β and tumor necrosis factor (TNF)-α in rat maxillary gingival tissue.
The buccal gingival tissue collected was homogenized and processed as described by Safieh-Garabedian et al (22) and Botelho et al (2) . TNF-α and IL-1β concentrations were determined by enzyme linked immunosorbent assay kits (ab46070 and ab100768 respectively; Abcam, Cambridge, UK) according to the manufacturer's protocol. Enzymatic coloration reaction was stopped with H 2 SO 4 and the absorbance was measured using a microplate reader (Tecan, Männedorf, Switzerland) at 490 nm.
Malondialdehyde (MDA) measurement. Buccal gingival tissues were placed into a homogenization buffer comprising 50 mM Tris-HCl, 0.1 mM ethylene glycol-bis(2-aminoethyle ther)-N,N,N',N'-tetraacetic acid (EGTA) and 1 mM phenylmethylsulfonyl fluoride (pH 7.4) and then homogenized. An aliquot of the homogenate was added to a reaction mixture containing 8.1% (w/v) sodium dodecyl sulfate (Sigma-Aldrich), 20% (v/v) acetic acid (pH 3.5), 0.8% (w/v) thiobarbituric acid (Sigma-Aldrich) and DW. Samples were heated for 1 h at 95˚C, then centrifuged at 3,000 x g for 10 min, and finally the absorption was measured at 650 nm.
Inducible nitric oxide synthase (iNOS) activity measurement.
Buccal gingival tissue homogenate was incubated in the presence of L-[ 3 H]-arginine (10 mM, 5 kBq/tube), NADPH (1 mM), calmodulin (30 nM), tetrahydrobiopterin (5 mM) and calcium (2 mM) for 30 min at 22˚C. Reactions were stopped by dilution with 0.5 ml ice-cold HEPES buffer (pH 5.5) containing EGTA (2 mM) and EDTA (2 mM). Experiments performed in the absence of NADPH determined the extent of L-[ 3 H]-citrulline formation independent of a specific NOS activity. Experiments in the presence of NADH, without calcium, and in the presence of EGTA (5 mM) determined the calcium-independent NOS activity. Reaction mixtures were applied to Dowex 50W (Na/form) columns and the eluted L-[
3 H]-citrulline activity was measured using a liquid scintillation counter (Wallac; PerkinElmer, Annapolis, MD, USA).
Histopathology. Tissue from the maxillary area was fixed in 10% neutral buffered formalin., and then decalcified using decalcifying solution (24.4% formic acid and 0.5 N sodium hydroxide) for 5 days. After that, the tissue was longitudinally trimmed and embedded in paraffin, sectioned (3-4 µm) and stained with hematoxylin and eosin (H&E) according to established methods (7) . The areas between the left and right incisor teeth were analyzed under light microscopy using on a 0-3 score grade, considering the inflammatory cell influx, and alveolar bone and cementum integrity, as described previously (4) . In addition, the numbers of infiltrated inflammatory cells (numbers/mm 2 of gingival tissues) and collagen-occupied regions (%/mm 2 of gingival tissues) on the gingival areas between the first and second molars were measured using histomorphometrical analyses of prepared longitudinally trimmed samples using a computer-assisted image analysis program, iSolution FL version 9.1 (IMT i-solution Inc., Vancouver, Canada). In addition, alveolar bone volumes (%/mm 2 alveolar bone areas), osteoclast cell numbers (numbers/mm 2 of alveolar bone surface) and their occupied percentages (%/mm 2 of alveolar bone surface) were also measured on the alveolar bone regions between the right and left incisor. The histopathologist was blinded to the group distribution when this analysis was conducted.
Statistical analyses. Multiple comparison tests for different dose groups were conducted. If the Levene test indicated no significant deviations from variance homogeneity, the obtained data were analyzed by one-way analysis of variance testing followed by least-significant differences multi-comparison tests. In cases where significant deviations from variance homogeneity was observed in the Levene test, a Kruskal-Wallis H test was conducted. When a significant difference was observed in the Kruskal-Wallis H test, the Mann-Whitney U test was conducted to determine the specific pairs of group that were significantly different. Statistical analyses were conducted using SPSS for Windows (14.0 Korean edition; IBM SPSS, Inc., Armonk, NY, USA), and P<0.05 was considered to indicate a statistically significant difference.
Results

Indigo and indirubin contents in PR extracts.
Contents of indigo and indirubin were calculated from the calibration curves of the standards. Validation of the method verified its reliability and stability. Use of the method indicated that the lyophilized aqueous extracts of PR contain 0.043% indigo and 0.009% indirubin (Fig. 1) .
Body weight changes and gains. Rats treated with the three different dosages of PR extracts showed significantly increased body weights as compared with the EPD control from 1 day after initial administration, and the body weight gains during the 10-day administration period were significantly increased in these PR extract-treated rats, respectively. By contrast, the rats treated with indomethacin exhibited significantly lower body weights compared with the EPD control from 9 days after the initiation of treatment; consequently, the body weight gain during the 10-days administration period was also significantly decreased in the indomethacin group compared with the EPD control (Fig. 2) .
Changes in alveolar bone loss measurements. Significant reductions in the extent of alveolar bone loss were detected in the rats treated with indomethacin, or 50, 100 or 200 mg/kg PR extracts as compared with the EPD control (Fig. 3) .
Changes in gingival viable bacteria counts. Significant and dose-dependent reductions in the numbers of viable bacteria (colony numbers) were detected in the three PR extract-treated groups compared with the EPD control. No significant changes in viable bacteria numbers were demonstrated in the indomethacin-treated rats as compared with the EPD control in this experiment (Fig. 4A) .
Changes in gingival MPO activities. Significant reductions of MPO activities in the buccal gingival tissues were detected in the four treatment groups as compared with the EPD control, respectively. Notably, the PR extracts exhibited a clear dose-dependent inhibitory effect against the EPD-related elevations of gingival MPO activities in this experiment (Fig. 4B) . Rats treated with each of the three different dosages of PR extract showed significantly increased body weights as compared with the EPD control from 1 day after initial administration (arrow), and body weight gains during the 10-day administration period were also significantly increased in these PR extract-treated rats. By contrast, the body weights of IND-treated rats were significantly lower than those of the EPD control (arrowhead) from 9 days after the initiation of treatment. Consequently, body weight gains during the 10-day administration period were also significantly decreased by IND. Values are expressed as the mean ± standard deviation (n=8 
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Changes in gingival IL-1β and TNF-α levels. The elevations in the levels of gingival IL-1β and TNF-α induced by EPD were demonstrated to be significantly and dose-dependently inhibited by treatment with 50, 100 and 200 mg/kg PR extracts (P<0.01). In addition, the rats treated with 5 mg/kg indomethacin also exhibited significantly decreased gingival IL-1β and TNF-α levels as compared with the EPD control rats (P<0.01; Table I ).
Changes in gingival MDA levels and iNOS activities.
Statistically significant reductions in gingival MDA levels and iNOS activities were observed in each of the four groups of rats with EPD that were treated with test substances, including indomethacin, as compared with the EPD control. Notably, PR extracts were observed to have a clear dose-dependent inhibitory activity against the elevations of gingival MDA levels and iNOS activities that were induced by EPD (Table I ). Histopathological changes of maxillary regions. Marked increases in inflammatory cell infiltrations, predominantly polymorphneutrophils, were detected in the gingival tissues between upper left and right incisor teeth in the EPD control rats with severe edematous changes (loosening of collagen fibers and loss of compactness). In addition, activation of osteoclast cells, increases in the number and the percentages of osteoclast cells occupied regions on the alveolar bone surface (OS/BS), were also observed in the alveolar bone areas of the EPD control rats with marked decreases of osteoid alveolar bones; they were re-confirmed by histomorphometrical analysis. Significant (P<0.01) increases in the histological scores, infiltrated inflammatory cell numbers in gingival tissues, and decreased collagen fiber occupied regions in gingival tissues were demonstrated in the EPD control rats, along with significant (P<0.01) decreases in alveolar bone volumes, increased osteoclast cell numbers and OS/BS, as compared with those of intact control rats, respectively. However, these histopathological periodontitis and associated alveolar bone losses were significantly (P<0.05) and dose-dependently reduced by treatment of all three different dosages of PR extracts, as compared with EPD control rats, respectively. In addition, indomethacin was also observed to significantly ameliorate the EPD-induced periodontitis and related alveolar bone losses, as revealed by histopathological inspections in this experiment (Table II and Fig. 5) .
Discussion
The present study demonstrated that PR has effective inhibitory effects against ligation-induced EPD and associated alveolar bone loss, which are mediated by antibacterial, antioxidative and anti-inflammatory activities. Table I . Gingival IL-1β, TNF-α and MDA levels and iNOS activities around the ligation site in EPD model rats. Table II . Histomorphometrical analysis of maxillary regions around the ligation site -gingival and alveolar bone areas in EPD model rats. Periodontitis and the alveolar bone loss associated with it in EPD directly induce mal-mastication, which results in marked loss of body weight (2) . Therefore, the inhibition of these EPD-related body weight reductions can be considered to be indirect evidence that a treatment ameliorates periodontitis and alveolar bone loss. In the present study, marked increases in body weight and gains in body weight over the 10-day treatment period were detected in the rats treated with PR extracts, as compared with the EPD control, and these increases were dose-dependent.
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Measuring alveolar bone loss on the basis of the exposure of tooth roots from alveolar sockets is a generally used macroscopical evaluation method for alveolar bone loss (2,23).
Significant reductions in the alveolar bone loss measurements by indomethacin, and 50, 100 or 200 mg/kg PR extracts provides direct evidences that these treatments ameliorated EPD-related alveolar bone loss.
Bacteria are considered to be the primary etiologic agents of periodontal disease (24) . Bacterial plaque is considered to be involved in the pathogenesis of periodontitis, and may initiate a local inflammatory reaction (2), leading to edema, leukocyte infiltration and the release of inflammatory mediators, which may cause the formation of periodontal pockets, detachment of connective tissue and resorption of alveolar bone, ultimately leading to tooth loss (3, 4) . Previous studies have indicated that periodontal microbial flora change during periodontal disease 
100 mg/kg PR extract-treated EPD rats and (F) 50 mg/kg PR extract-treated EPD rats. Marked increases of inflammatory cell infiltrations were detected in the gingival tissues between the upper left and right incisor teeth in EPD control rats with severe edematous changes, with the loosening of collagen fibers and loss of their compactness. In addition, activation of osteoclast cells, increases in the number of osteoclast cells and the percentage of the region they occupy on the alveolar bone surface were also observed in the alveolar bone areas of the EPD control with marked reductions of osteoid alveolar bone. However, these histopathological features of periodontitis and related alveolar bone loss were obviously and dose-dependently reduced by treatment with all three different dosages of PR extract as compared with the EPD control. In addition, indomethacin also markedly ameliorated the EPD-induced periodontitis and related alveolar bone loss as revealed by these histopathological inspections. All hematoxylin and eosin stained; scale bars, 120 µm. (2, 4) . The present study demonstrated that marked increases in viable total bacteria numbers occurred in gingival tissues around ligature-bound incisor teeth. However, significant reductions in viable bacteria numbers were dose-dependently detected in PR extract-treated rats, but not in those treated with indomethacin, suggesting the existence of different mechanisms of action between PR extracts and indomethacin. It is suggested that indomethacin is a representative anti-inflammatory agent whose actions are mediated by cyclooxygenase inhibition, whereas PR extracts contain antibacterial dyes, namely indigo and indirubin (17) .
The importance of acute inflammatory cells, particularly polymorphonuclear neutrophil (PMN) infiltrations, on gingival tissue in the evolution of periodontal disease has been demonstrated previously (4) . Although, inflammatory cells play key roles in eliminating the causes of inflammations (25) , activated PMNs also generate oxygen metabolites (26) . MPO is an activating cytotoxic enzyme released from PMNs (27) , and its levels are markedly increased in periodontal diseases (2, 28) . In the present study, significant increase in gingival MPO levels were detected in the EPD control; however, PR extracts significantly inhibited these increases, suggesting that PR extracts suppressed the cytotoxic effects of PMNs.
Pro-inflammatory cytokines, particularly TNF-α and IL-1β , have been shown to play a significant role in periodontal disease (29) . The cytokine TNF-α, which is produced by a variety of cell types, including splenocytes, has been found to be associated with critical events leading to T-lineage commitment and differentiation (30) . Periodontitis may be potentiated by the TNF-stimulated release of eicosanoids and other cytokines, such as TNF-α and IL-1. IL-1 activates neutrophils and macrophages, and thereby induces the production and release of reaction oxygen species and nitric oxide, which has been implicated to be a cause of local tissue damage (31) . In the present study, significant decreases of gingival TNF-α and IL-1β levels were detected in all test substance-treated rats as compared with the EPD control, providing direct evidence that their anti-inflammatory effects are sufficient to ameliorate the periodontitis induced by ligation placement.
MDA is an index of lipid peroxidation (32) and its levels are increased in periodontal diseases (33) . iNOS a distinct isoform of NOS that can be induced by proinflammatory agents such as endotoxin, IL-1β, TNF-α and interferon-γ in a variety of cells. Increased production of NO following the induction of iNOS has been implicated in the pathogenesis of shock and inflammation (34) . In periodontal diseases, activation of iNOS and associated increases in NO production have been found to occur, and accordingly, this induces damage of the surrounding tissues, particularly the alveolar bones (33, 35) . In the present study, the increments of MDA levels and iNOS activities were significantly decreased by treatment with both PR extracts and indomethacin, providing direct evidence that they exhibit antioxidant effects on the periodontal tissue damage caused by increases of NO production through the elevation of iNOS activities induced by ligature placements.
Consistent with previous studies of EPD (7, 8) , marked inflammatory cell infiltrations and edematous changes were detected in the gingival tissues between the first and second molars, where the ligature was placed. In addition, absorption of the alveolar bones due to osteoclast cell activation was detected during the histopathological observations in this study. Increases in histological scores based on inflammatory cell infiltration and alveolar bone damage (2, 23) , infiltration of inflammatory cells (including neutrophils), reductions of collagen-occupied regions associated with edematous changes, reductions of bone volumes, increases of osteoclast cell numbers and osteoid surface/bone surface ratios were detected by the histomorphometrical analysis in the present study, and these findings are quite similar to those of previous studies (7, 8) . However, these histopathological changes associated with periodontitis and alveolar bone loss were significantly and dose-dependently inhibited by treatment with each of the three different dosages of PR extracts, and by indomethacin.
In summary, the results indicate that aqueous PR extracts contain blue indigo (0.043%) and purple indirubin (0.009%), and effectively ameliorates ligature placement-induced periodontitis and associated alveolar bone loss by a combination of antibacterial, antioxidative and anti-inflammatory activities. PR exhibits promise as a potent protective agent for various periodontal diseases in the future.
